Abstract. Studies of birds that use stable isotopes as dietary tracers require estimates of how quickly stable isotopes in tissues are replaced by isotopes derived from the diet. However, isotopic turnover rates in animals in general, and birds in particular, are poorly understood. We established the turnover rates of "C in tissues of grown Japanese Quail (Coturnixjaponica) by switching the diet of an experimental group from a wheat-based (C,) diet to a corn-based (C,) diet and sampled tissues periodically for 2 12 days. An exponential model described patterns of isotopic turnover in all tissues. Turnover rates for quail tissues were ranked liver > blood > muscle > bone collagen with the half life of carbon ranging from 2.6 days in liver to 173.3 days in bone collagen. A similar diet-switch experiment was conducted on captive American Crows (Corvus brachyrhynchos) and feather samples were assayed isotopically. Stable isotope values of crow feathers reflected diet during periods of growth. We suggest that stable isotope analysis could be used to determine relative contributions of endogenous and exogenous nutrient sources for feather growth and egg production in captive and wild birds.
INTRODUCTION

Stable-carbon and nitrogen isotope analysis is
stable-carbon isotope technique include the determination of relative contributions of C, and C, plant-based proteins to avian diets in areas where these two plant types coexist (see Schirnding et al. 1982 , reviewed by Tieszen and Boutton 1989). Naturally occurring stable isotopes have also been used to establish sources of organic matter in the diets of organisms using estuaries or coastal marshes (reviewed by Fry and Sherr 1989) and so might be appropriate for dietary studies of migratory or other wetland species.
The As a first step in establishing isotopic turnover rates in various tissues of birds, we conducted controlled laboratory tests using captive Japanese Quail (Coturnix juponicu) and American Crows (Corvus bruchyrhynchos). By switching the diets of an experimental group of grown quail to one consisting of a different stable-carbon isotopic signature, we established isotopic replacement curves for blood, liver, muscle and bone collagen. A similar procedure was followed for crows but here we evaluated non-destructive sampling assays using feathers only. To our knowledge this is the first attempt to establish turnover rates of carbon in avian tissues by switching the stable-carbon isotope composition of diets.
METHODS
TURNOVER IN QUAIL
Our experimental approach followed that of Tieszen et al. (1983) , who switched gerbils between corn (C,)-and wheat (C)-based diets. Corn is substantially more enriched in 13C compared to wheat and so can be used as a convenient tracer in experiments involving diet switching. In previous studies, we established that nutritional stress can cause changes in the stable-isotope values of tissues (Hobson and Clark 1992). Rather than switching quail between pure corn and pure wheat diets, a procedure which would ensure a major isotopic signal change but might result in complications due to nutritional stress, we decided to ensure that experimental and control diets were very similar nutritionally. A special batch of homogenized commercial grower was formulated in which corn replaced wheat in a proportion ensuring no change in crude protein (23%) fat (5%) and fiber (5%). For this reason, the stable-carbon isotopic composition of control and experimental feeds differed by only 4Ya, considerably less than was the case in the study of Tieszen et al. (1983) but of sufficient magnitude to trace isotopic turnover in tissues. Several isotopic measurements of experimental and control feeds were made throughout the study.
Quail were obtained from a colony in which birds were fed the commercial wheat-based grower (i.e., control diet) for several generations. After hatching, thirty-six birds were raised on the wheat-based diet for eight weeks until completion of growth (Blem 1978) and then split randomly into a control group (n = 6) and an experimental group (n = 30). We used quail that had achieved adult size in order to ensure that changes in tissue isotope values reflected true carbon turnover and not a combination of growth and turnover. Control birds were maintained on the original wheat-based diet and three of these birds were sacrificed for isotopic analysis at the start of the experiment (day 0) and three at the end (day 2 12). Experimental birds were switched to a corn-based diet on day 0 and three birds were randomly chosen and sacrificed (using Halothane overdose) for isotopic analysis on days 2, 4, 6, 10, 17, 35, 84, 121, and 212. Before sacrificing birds, approximately 1 ml of blood was obtained from the brachial vein. Pectoral muscle, liver and humerus were removed from carcasses and stored frozen. Collagen was removed from bones as a gelatin according to the method described in Chisholm et al. (1983) . Muscle and liver were thawed, rinsed in distilled water and, together with collagen samples, were freeze dried, powdered, and lipids removed using a Soxhlet apparatus with chloroform as the solvent. Because carcasses were not drained ofblood, it is possible that some blood remained in muscle and liver samples. However, we expect that this residue would be extremely small compared to the bulk of the tissue being measured isotopitally.
CROW FEATHERS AS DIETARY INDICATORS
Nine yearling American Crows, raised in captivity from nestlings, were held in a large outdoor aviary, provided with shelter and natural perches, and given access to a mixture of dog food, barley and duck grower, as well as water, ad libitum. When they had replaced their second primary, we changed their diet to the corn-based mixture, measured the length of new, growing feathers, and weighed the crows (nearest 5 g) using a Pesola scale. With two crows we used tail feathers since their primaries had been too damaged by abrasion.
After two weeks we measured the length of feathers that had been measured previously and recorded body mass. At that time, we changed their diet to one composed primarily of wheat, and held them on this diet for three weeks. We then measured feather lengths and body mass and clipped portions of feathers that had been grown on either the corn-or wheat-based diets. We are confident that the crows ate the prescribed diets. First, we noted that the food provided was eaten, rather than scattered throughout the pen. Second, the change in body mass of crows was either negligible or positive when fed both corn (X f SD = 14 f 10 g, range = O-33 g, n = 9) and wheat (18 + 16 g, range = -4 to 36 g) based diets. Third, we found no evidence of irregular feather growth in these crows. The daily growth of primary feathers averaged 7.8 -f-1.8 mm (range = 6-l 1, n = 7).
ISOTOPIC ANALYSIS
Samples for isotopic measurement were loaded into Pyrex tubes with 1 g of wire-form CuO, evacuated, flame sealed and then combusted to CO, at 550°C for 6 hr. We established previously that, for 613C analysis, this technique gives comparable results to that using combustion in Vycor tubes at 850°C and our cryogenic distillation technique resulted in no analytical problems with high sulfur samples (Swerhone et al. 199 1) . Stable-carbon isotope concentrations were made on cryogenically distilled CO, using a VG-SIRA 12 mass spectrometer and values expressed in 6 notation as parts per thousand (%) relative to the Peedee Belemnite (PDB) standard as follows: 6% = KRsamJRstandard -111 x 1,000 where R = XY2C. Based on several hundred replications, the standard deviation for a graphite internal standard was 0.1%.
RESULTS
QUAIL
Details of the isotopic compositions of quail and crow diets are given in Table 1 . Stable-carbon isotope values of tissues from the experimental group of quail shifted toward more positive values over the course of our experiment (Table 2) . This shift was consistent with the incorporation in tissues of isotopically enriched carbon from the corn-based diet. For all tissues, the stablecarbon isotope values for the quail control group did not appear to change over the course of the experiment (Table 2 ). Relative to other tissues, the enriched bone collagen 613C values observed before the diet switch were not apparent at the end of the experiment (Kruskal-Wallace test, H = 10.6, P = 0.3). This was a consequence of the much longer half-life of carbon in bone collagen relative to other tissues.
Patterns of carbon turnover in quail tissues resembled exponential models (Fig. 1) and so, for each tissue, we fitted our data to equations of the form y = a + beet using PROC NLIN of the Statistical Analysis System (SAS Institute 1985). Here, y represents the 6% value of the tissue in question, a and b are parameters determined by initial and asymptotic conditions, c is the turnover rate of carbon in the tissue, and t is time (d) since the diet switch. This exponential equation provided a good fit for all of our data (Fig. 1) On the other hand, our laboratory birds were confined to pens and were not exercised extensively. In wild birds, field metabolic rates are often considerably higher than basal metabolic rates (Nagy 1987) and so it is possible that faster turnover rates occur in wild birds than those calculated for captive quail. Thus, our study provides a useful first approximation to stable isotopic turnover rates in avian tissues but further studies are required to determine how variations in metabolic rate (e.g., due to body size, developmental stage or activity) influence isotopic turnover in tissues. We also note that it would be useful, in future studies of this nature, to increase sample sizes of birds analyzed at each stage of diet switch experiments. Larger sample sizes would help to more accurately delineate patterns of turnover, as well as increase statistical power when testing differences among tissues.
The isotopic half-life of 12.4 days found for pectoral muscle is considerably lower than the value of 27.6 days found by Tieszen et al. (1983) for gerbil muscle and strengthens Hobson and Sealy' s (199 1) suggestion that carbon-isotopic turnover in avian muscle tissue is likely faster than that found for gerbils. We found similar turnover rates of carbon in quail blood and pectoral muscle. This suggests that when birds can be captured alive, stable-isotopic studies of avian diet need not necessarily involve the killing of birds. Analyses of separate fractions of blood such as serum might allow short-term dietary resolution approaching that of liver. Another advantage of using blood is that it would allow multiple sampling of the same individual and so creates the possibility of monitoring dietary changes of known individuals through time.
When dietary carbon is incorporated into a particular tissue, a characteristic fractionation or change in the isotope value relative to diet is expected. In crows, we found that the mean fractionation factor between diet and feathers ranged from +3.5% for the corn diet to +4.4o/oo for the wheat diet. Both values are close to the dietfeather fractionation factor of +4.Oo/oo found by Mizutani et al. (1990) for a captive cormorant fed fish. We determined also that, for captive crows, the isotopic compositions of feathers track isotopic changes in diet while they are being grown (after growth, feathers are essentially inert structures with no further isotopic exchange with body constituents). This is based on our observation that the difference (2.7%) between mean isotopic values for feathers grown on control (wheat) and experimental (corn) diets was in the same direction and of similar magnitude to the mean isotopic differences between these diets (3.6%). 
IMPLICATIONS FOR STUDIES OF NUTRIENT RESERVE DYNAMICS FOR
